Thermodynamic properties of SnS(g) and determination of Sn activities in iron-tin-carbon-sulfur alloys. by Salapatas, Vasilios Stavros
THERMODYNAMIC PROPERTIES OF SnS(g)
AND DETERMINATION OF Sn ACTIVITIES
IN IRON-TIN-CARBON-SULFUR ALLOYS
by
VASILIOS STAVROS SALAPATAS
Dipl. Chemical Engineer, National Technical University
(1960)
S.M., Massachusetts Institute of Technology
(1961)
Submitted in Partial Fulfillment
of the Requirements for the Degree of
DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June, 1966
Signature of Author
Department of Metallurgy
Signature of Professor
in Charge of Research
Signature of Chairman of
Departmental Committee
on Graduate Students
n
-r
LI
-- -- lls , -
I -- I I II I -[ I
" ~pZ*- II I- II ?
380
THERMODYNAMIC PROPERTIES OF SnS(g)
AND DETERMINATION OF Sn ACTIVITIES
IN IRON-TIN-CARBON-SULFUR ALLOYS
by
Vasilios Stavros Salapatas
Submitted to the Department of Metallurgy on April 15, 1966,
in partial fulfillment of the requirements for the Degree of
Doctor of Philosophy,
ABSTRACT
A modified transportation method, with H2/H2S gas mixtures
as the reactive carrier gas, was used to measure the free energy
of the reaction:
Sn(l) + H2 S(g) = SnS(g) + H2(g)
AFo = 30,505± 1260 - 22.55T cal/mol
in the temperature range 8000 to 14000C.
It was established that equilibrium was achieved for this
reaction and that the only important sulphide of tin in the
temperature range of the study is stannous sulphide {SnS(g)].
Corrections for tin vaporization and H2S dissociation are
necessary above 10000C.
Based on these results, the free energy of formation of
stannous sulphide is:
Sn(l) + JS2 (g) = SnS(g)
AFO = 8935 - 10.76T ± 1270 cal/mol
in the temperature range 8000 to 14000C0
-.-- U
The same experimental method was applied to carbon-free
and carbon-saturated iron-tin alloys and, in conjunction with
the results obtained for pure tin, the activity of tin in
these alloys was calculated,
It was found that the experimental method, as used, is
not entirely suitable for such work. Consequently, the results
obtained are qualitative. They indicate an increase in tin
activity with decreasing temperature and/or increasing
carbon content.
Thesis Supervisor: Professor Thomas Burness King
Title: Professor of Metallurgy; Head of the Department,
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I. INTRODUCTION
The problem of removal of tin from scrap tin plate
has become increasingly important in recent years, with ever
larger quantities of tin plate being produced and with no
real way of removing the tin, which can be a very undesirable
tramp element in steel. Dilution of such scrap is, at
present, the partially satisfactory answer,
One of the methods proposed for tin removal is that
of vacuum detinning, in which sulphur is added to the scrap,
melted with a sufficient amount of carbon, (the presence of
which has been found to substantially increase the activities
of tin and sulphur in the melt) to form tin sulphide. At low
pressures, the volatile tin sulphide is removed, separating
the tin from the melt. Preliminary worki-3 with iron-tin alloys
containing up to 1% tin has shown that the tin content can be
reduced to 0.032% when a pressure of 10-%il Hg is used.
A more thorough evaluation of this method requires
knowledge of the thermodynamic properties of the system iron-
tin-carbon-sulphur and, especially, of tin sulphide vapor.
The enthalpy and free energy of formation of tin sulphide
can be obtained from high temperature equilibrium measurements.
The high vapor pressure of tin sulphide, as well as
that of metallic tin, do not allow application of conventional
high temperature equilibrium methods, some of which are sum-
marized in the following section, Therefore a modified trans-
~_i~e~ a~__~___(
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portation method was used in this study, similar to the method
used for metal vapor pressure determinations. These are discussed
in later sections,
A. Conventional Equilibrium Methods.
The most widely used methods for determination of
thermodynamic properties of sulphide solutions are gas-liquid
equilibrium measurements. In these, gas mixtures of H2S(g) and
H 2(g) are brought to equilibrium with a liquid metal containing
dissolved sulphur0 The H2 S/H2 ratio in the gas phase (corrected
for dissociation) establishes PS2 (or the sulphur activity),
while the metal may be analyzed, after quenching, for sulphur.
Such a method has been used, for example, by Sherman, Elvander
and Chipman 14
The H2S/H2 ratio may, in suitable systems, be increased
until a separate sulphide phase forms, so that the free energy
of the sulphide may be obtained.
Another method for obtaining high temperature thermo-
dynamic properties of sulphides is to measure the dissociation
of the sulphide by means of an effusion cell, The sulphide,
held in the cell at a constant temperature, will dissociate
according to the reaction:
KMSy(s) = xM(s) + YS 2 (g) (I-1)
The partial pressure of sulphur gas resulting from this
dissociation is measured and used to determine the free energy
of formation of the sulphide, When the sulphide is volatile,
however, its vapor is also present in the gas phase, and the
YC ___~
--~- ---^ --- --- -r~----- ---- ~---- -----~---;-- - I -s
11.
sulphur pressure cannot be simply measured, making the method
inapplicable to the system under consideration.
Galvanic cell measurements are also used for equilibrium
measurements, However, no satisfactory electrolyte for transport
of the sulphide ion has been developed; in addition, there are
serious materials problems for the construction of the cells.
B. The Transportation Method,
This is a method extensively used for metal vapor pres-
sure determinations, particularly for vapor pressures of the
-4
order of 10 atmospheres or higher, In this method, the metal,
held in a refractory boat, is placed inside a furnace tube and
brought to the desired temperature. Then a steady flow of inert
gas is passed over it. If the gas is saturated with the metal
vapor, gas-metal equilibrium is achieved, Measurements of weight
loss of the sample or of the amount of vapor condensed in a
colder section of the furnace are used in conjunction with the
gas flow rate and reaction time to determine the amount of
vaporizing species,
Alcock and Hooper have studied this method and evaluated
the factors important in achieving accurate results, It is
generally found that the weight loss of metal per unit gas
volume (which is a direct measure of the vapor pressure) falls
off as the gas flow rate is increased, In early work, a curve
of this type was extrapolated to zero flow rate to obtain what
was considered the true vapor pressure, However, the results
obtained in this way are very high, because at low flow rates
~ __
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a considerable error is introduced due to vapor diffusing away
from the melt independently of the gas flow.
Alcock and Hooper found that satisfactory measurements
can only be obtained with apparata designed to give a curve of
weight loss vs. gas flow rate with a plateau of constant weight
loss over a range of flow rates. Such a curve is shown schema-
tically in Figure 1. At low flow rateq higher values are obtained
due to vapor diffusion, while at high flow rates, undersaturation
because of a reduced time of gas-metal contact results in lower
values of the weight loss. The "true" weight loss for the vapor
pressure determination is the constant value at the plateau.
C. The Modified Transportation Method,
The transportation method described in the previous
section is modified by replacing the inert carrier gas by a
reactive gas. In the case of tin the reactive gas is a mixture
of hydrogen sulphide and hydrogen. This gas is brought to a
momentary reaction equilibrium with the surface of the molten
metal, where it reacts to form tin sulphide. This volatile
reaction product is carried away by the gas. The gas composition
changes to conform to equilibrium of the reaction
Sn(l) + H2S(g) = SnS(g) + H2 (g) (1-2)
With an apparatus designed to achieve this surface
equilibrium, it is possible to determine the equilibrium
constant and hence the free energy of reaction (1-2) at each
temperature by measuring the weight loss of the metal, the initial
composition and flow characteristics of the gas and the activity
_I __ ~__I _ ~ ~;; ___; _ ly~_
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FIG. 1. WEIGHT LOSS vs GAS FLOW RATE CURVE
FOR VAPOUR PRESSURE MEASUREMENTS.
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14,
of tin in the metal. The gas composition is measured at room
temperature and corrected, from known equilibrium data for the
H - S system, for dissociation of H2 S at higher temperatures.
Equilibrium is achieved when the curve of weight loss
vs. gas flow rate shows a plateau. It should be noted that the
problem of vapor diffusion is not as important as in vapor
pressure determinations, because there is no tin sulphide
vapor present, except that formed by the reaction of tin with
hydrogen sulphide in the gas, However, some tin vapor may form
at higher temperatures and this may diffuse away from the melt
regardless of gas flow.
D. Outline of this Study.
The equilibrium of reaction (1-2) was studied by a
modified gas transportation method, using known mixtures of
H2S and H2 as the carrier gas and pure tin metal as charge
material.
It was determined that, with the apparatus used, surface
equilibrium between the gas and the metal was achieved and the
results obtained were therefore valid.
It was further shown that, in the temperature range of
the experiments, the only sulphide species formed is SnS(g).
The effects of H2S dissociation and tin vaporization on
reaction (1-2) were studied and the appropriate corrections made.
The equilibrium constant for reaction (1-2) can be
expressed as
PSnS"PH
p aSn" PH2p 2S
-- - II n ______ ______ ___________ a.
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assuming ideal gas behavior for all gaseous species,
The activity of tin is taken equal to unity because no
appreciable amount of sulphur dissolves in the metal.
The free energy of reaction (I-2) is then given by
AFO= -RTlnK . (I-4)
The results of this study were then applied to iron-tin-,
and iron-tin-carbon alloys. These were used as the charge
material instead of pure tin in otherwise similar experiments.
The pressures of SnS, H2 and H2S were experimentally
determined and K was known from the pure tin results. It wasp
then possible to calculate the activity of tin in these alloys
from equation (1-3). All alloys were in the low tin range, of
practical interest in detinning.
The design features for achievement of equilibrium
were such as to minimize vapor diffusion at low flow rates and
undersaturation at high flow rates by reducing the free space
between the sample and the reaction tube, increasing the
surface of gas-metal contact, creating turbulent flow and
causing high exit gas velocities from the reaction zone,
_ 11 ~~----~ ~-I~-. ---~--~ ~
16.
II. LITERATURE SURVEY
A. Hydrogen-Sulphur System.
A survey of the literature to obtain the most reliable
thermodynamic data on gaseous species in the system hydrogen-
sulphur was recently made by Hager5
Hager obtained equations for the free energy of formation
of H2S(g), HS(g) and S(g), from tabulated values in the JANAF6
thermochemical tables, corrected in the case of HS(g) on the
basis of Johns and Ramsay's most recent work . Equations for
AF0 of S6(g) and S8(g) were taken from Richardson and Jeffes8.
These equations are:
H2S(g): AFf = -21570+11.79T (+200)cal/mol L900-17000K] (II-1)
HS(g): AFf = 20070-3,70T (i3000)cal/mol [900-17000K] (II-2)
S(g): AFf = 51170- 1 4.44T (*1000)cal/mol[900-17000K] (II-3)
S6(g): AFO =-66450+73,74T (33000)cal/mol[298-13000K] (II-4)
S 8 (g): AFf = -99200+113.16T(&4000)cal/molL298-1300 K] (II-5)
B. Tin and Its Compounds,
1. Metal.
Metallic tin has an appreciable vapor pressure at the
temperatures of interest in this study. It has been firmly
established9- 11 that tin vapor is essentially monatomic.
The vapor pressure of Sn(g) was measured by Brewer and
Porter 1 2 using the Knudsen cell method and by Searcy and
Freeman using both Knudsen cell and torsion cell methods,
~ I ~E_ _ _l__i~ ~;~_
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The reported values are:
logPSn(atm) = 5.471 - T1)2 by the Knudsen method (11-6)
and logPSn(atm) = 5.810 - 16T60 by the torsion method (11-7)
Chipman13 reports: logPSn(atm) = 5.125 -4575T (11-8)
2. Sulphides.
There are only two sulphides of tin mentioned in the
literature, SnS and SnS2 . Of these the higher, stannic sulphide
is less stable than the stannous sulphide. According to Sherman,
Elvander and Chipman14 it does not form above 500 0C. Gaudin and
Hamlyn15 state that, on heating, stannic sulphide dissociates
to stannous sulphide and gaseous diatomic sulphur between 5750
and 6000C. Orr and Christensen16 report an appreciable rate of
decomposition of SnS2 at 1005 0K. However, St. Clair, Shibler
and Solet 17 feel that SnS2 probably persists in solid solution
with SnS up to 9000C.
The same workers1 7 measured the effective vapor pressure
of SnS(g) using the transpiration (identical to the trans-
portation) method, They used helium as the carrier gas and
extrapolated to zero flow to obtain the true vapor pressure,
in the temperature range 700-10000C, They report:
logPsnS (atm) =- 115- 0.5331ogT-0.393xi0- 3 T+10.059 (II-9)
for SnS(c) = SnS(g).
Their study, however, did not take into account the factors
affecting vapor pressure measurements at low flow rates,
discussed by Alcock and Hooper .
Ulr _ L
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Richards determined the vapor pressure of solid SnS
over the temperature range 950-1075 0 K by an entrainment
technique and reported:
10470logP (atm) = + 7.088 (II-10)SnS T
Using the same method, he also determined the equilibrium in
the reduction of solid SnS with hydrogen. His results can be
expressed as follows:
Sn(l) + H2 S(g) = SnS(g) + H2 (g) 950-10750K] (II-1a)
AF4 = 29,810 - 23.55T cal/mol (II-11b)
It is noted that the composition of the gas molecules was not
verified in this work.
Beer 19 applied the modified transportation method used
in this study to the same system, and obtained, tentatively,
for reaction (II-11a) a free energy expression:
6Fg = 25,900 - 19.6T (11-12)
which was later corrected, using more valid entropy values, to:
AFO = 30,700 - 23.55T (II-13)
in the temperature range, 950-1185OC.
Entropy values for Sn(l), SnS(g), H2S(g) and H2 (g) used
to calculate the entropy change of reaction (II-11a) are
tabulated by Kelley2 0 , Kelley and King2 1 and Wicks and Block2 2
For the temperature range 800 0C - 1400 0 C, a mean value at 1400OK
(1126.80C) is calculated from these tabulations:
ASO400 = 22,55 : 0.25 e.u. (II-14)
I~I _ _ L1__~_ _
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3. Hydrides,
There are inadequate data on tin hydride. The tabulations
20,21
mentioned earlier provide entropy and heat content data
for SnH, which show it to have a slightly lower entropy and
also lower enthalpy increments above 2980K than tin sulphide
(SnS).
Rossini et. al.23 mention a tetrahydride (SnHq), but
give only the melting and boiling points.
C. Tin Alloys.
The iron-tin equilibrium diagram shows a wide range of
immiscibility in the liquid. There is very good agreement
between the diagram given by Hansen24 and that presented in
"Equilibrium Data for Tin Alloys"2 5.
Hansen24 quotes Ruff and Bergdahl26 and Moissan27 on
the tin-carbon system: "Boiling tin dissolves only traces or
unweighable amounts of carbon, which precipitate on cooling
in the form of graphite".
There is limited information on the binary alloy of tin
and silver. Frantickand McDonald2 8 and Miller29 measured
activities by the electrode potential method and found at
900 0K an almost ideal behavior in the alloy, with the activity
coefficient of Sn, YSn= 1.054 at N n= 0.50.
Calorimetric work reported by Kubaschewski and Catterall3 0
suggests exothermic heats of solution of tin in the liquid
alloy.
31Shields, using the equilibrium distribution method,
_ __ _~ __ _,;._ ~il~Ei~:i_ 1 _~_~i _
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measured tin activities in iron-tin alloys of up to 4.4% Sn
and in iron-tin-carbon alloys containing up to 10% Sn. At
15500 C in the iron-tin binary he found moderate positive
deviations from ideality. The addition of carbon increases the
tin activity, with the interaction increasing as the carbon
content approaches saturation. At lower temperatures an
increase in tin activity was determined, indicating a positive
heat of mixing of tin in the ternary system iron-tin-carbon.
At 15500C the activity coefficient of tin varied from
2 at 0% carbon to 8,6 at carbon saturation. At 12750C and
carbon saturation y n = 13.3.
m-
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III. EXPERIMENTAL APPARATUS AND PROCEDURE
The apparatus consisted of a horizontal resistance
furnace with automatic temperature control and a gas train
for the preparation and measurement of the flow of the
necessary gases.
A. Furnace Design
The design of the furnace (Fig.2) was such as to
achieve the following three goals:
a. Operating temperatures of up to 16000 C,
b, A substantial zone of constant temperature in the
reaction area.
c, Ease in maintaining constant temperature.
From financial considerations molybdenum was preferred
over platinum as the resistance-winding material. This in
turn required a protective hydrogen atmosphere for the
windings, hence a gas-tight furnace shell.
The outer shell consisted of a seam-welded cylinder of
imm thick stainless steel plate, with one end closed with
a welded cover and the other with a flanged removable cover.
Silicone rubber gaskets provided a gas-tight fit; they
were water-cooled with two copper tubes running twice around
the outer perimeter of the flange and cover and held in
place by brass clamps. A copper water jacket around the
middle portion of the shell helped flatten the temperature
I __ -- ---- --- -- -----;- ;r--- --aa--------------------------~ --~ia~irrprr--; ~~ra-~ ~ ~c~--~~ii
Fig. 2 REACTION FURNACE
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profile of the furnace,
An impervious recrystallized alumina tube 38mm ID
(Morganite, Inc.) was located in the axis of the furnace
and formed a gas-tight fit with the end-covers of the
shell through a system of water-cooled threaded pressure
caps and silicone-rubber 0-rings and gaskets,
The winding was supported on a porous alumina
tube 2" ID (Norton Company) and held in place by a
layer of Alundum cement (Norton Company) approximately
1/4" thick. The tube rested on two machined graphite
rings supported by transite plates to keep the tube
centered.
The winding itself was molybdenum wire 0,050" dia.
(Fansteel Metallurgical Corporation) used in a double
strand. It was wound with a pitch of 3/8" on the middle
third and 1/4" on the side portions of the tube to provide
a more uniform temperature distribution,
A radiation shield of 0,020" molybdenum sheet
(Fansteel Metallurgical Corporation) was located around
the winding tube 2 away from it. The space between the
shield and the winding tube was filled with Type E 163
bubble alundum grain (Norton Company) for insulation.
The space between the outer stainless steel shell and the
molybdenum shield was filled with K-30 insulating brick
cut in small pieces,
The protective hydrogen entered the shell at the top,
I I- -- ~---~I-I.- ..L.- .-'*. --- -
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was distributed along the length of the furnace with a
multiple-hole copper tube and exited at the bottom center
of the shell,
The terminals of the winding on the shell were of the
porcelain, feed-through type with asbestos gaskets and
were cooled by air blast to maintain gas-tightness.
The two ends of the inner alumina tube were closed
by water-cooled brass heads, One of these carried the
supporting and sliding system of the movable reaction
tube and the thermocouple protection tube (Fig.3).
The other head ended in a wide, water-cooled brass
tube for condensation and loading purposes. This tube was
closed with a brass fitting carrying a gas outlet tube and
a plexiglass sighting window to allow observation of the
interior of the furnace.
The essential part of the furnace design was the
reaction tube and the system of loading and unloading the
boat holding the metal sample,
An alumina refractory tube 10mm ID (Morganite, Inc.
or Degussa, Inc,) served as the reaction tube, The boat sat
at one end, while the other end was held by a brass fitting
at the end of a water-cooled copper tube, During reaction
this cold end was close to the furnace head, while the
boat-holding end was in the middle, hot zone of the furnace,
When a boat was to be loaded or unloaded, the whole assembly
was pushed along the axis of the furnace so the hot end
-L -
NFIG. 3. FURNACE HEAD WJITI' REACTION TUBE SUPPORTING A.,ND SLIDINUG SYSTEM.
1. Stainless steel push-rod
2. Silicone rubber gasket.
3. Gas inlet.
4. Cooling water inlet.
5. Cooling water outlet.
6. Brass connector.
7. Asbestos-waterglass seal.
8. Alumina reaction tube.
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came to rest at the edge of the wide tube at the opposite
furnace head. A stainless steel rod was used to push the
boat out of the reaction tube.
The reaction gas entered through the copper tube into
the alumina reaction tube and left through the gas outlet
tube on the end of the condensation tube.
Silicone gaskets and brass pressure caps were used to
eliminate gas leaks. For the connection between the brass
fitting and refractory tube an asbestos and waterglass
gasket was used to withstand high temperatures.
Since the alumina reaction tube was not resistant to
thermal shock, it was necessary to replace it after every
few runs. For this reason the design allowed for easy
removal of the supporting head assembly.
B. Boat and Support
All experiments were carried out in specially
designed alumina boats (The Thermal Syndicate, Ltd.) 25mm
long, 4mm wide and 2mm deep. These were subdivided into
three sections by alumina cement walls in order to permit
use of three beads of metal. High metal surface tension
prevented use of a single elongated bead. The boats were
fired under hydrogen at a temperature higher than that of
reaction until their weight was constant,
The boat was used with a machined boron nitride plug
which exactly fitted the reaction tube (Fig.4). In this way
__ I
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the free space above the specimen was practically
eliminated and an adequate resistance to gas flow
introduced, as required for attainment of equilibrium,
The plug was made originally from alundum cement
fired at 1300 0C for maturity, but the resulting shape was
porous and very brittle,
Presintered alumina was also tried, but, although
smooth and easily machined, it could not resist thermal
shock. The same was true of recrystallized alumina plugs
made of thermocouple protection tubing by cutting off the
upper part.
Boron nitride proved an excellent material, easily
machined and shaped and very stable under the conditions of
the experiment.
C. Temperature Control and Power Supply
Two identical Pt/Pt-10%Rh thermocouples in a four-bore
alumina insulator were placed inside the thermocouple
protection tube located above the sliding reaction tube in
the furnace.
One was used for the temperature control of the
furnace, the other for accurate readings of the temperature
with a calibrated potentiometer.
A West proportional controller connected to the control
thermocouple kept the temperature of the furnace constant
within +2 0 C,
__ __________________ I
Mercury
Relay
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Variac Furnace
FIG. 5. FURNACE POWER SUPPLY.
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The power supplied was 220VAC single phase, reduced
to operating voltage by a 3-gang Variac, set manually to
the desired output voltage range.
The controller varied the voltage applied to the
Variac by about 10 Volts, through a rheostat connected in
parallel with the controller-actuated mercury relay (Fig.5).
The power drawn by the furnace was quite high, about
4 KW at 12000C and 6 KW at 140000;C consequently the
furnace was insensitive to small power changes and did
not require a stabilized voltage supply.
The temperature inside the middle section of the
furnace was constant within dioC over a length of 4.5cm,
providing an adequate region of constant temperature for
the boat and supporting plug.
The characteristics of the Variac are given below:
3 Powerstat transformers connected in parallel
(The Superior Electric Company).
Primary voltage 230/115V, single phase, 50/60 cycles
Output Voltage 0-270V
Max, Output Power 7.5KVA ea.
Max. Output Curreit\28 A ea.
D. Gas Train
The gas train, shown schematically in Fig.6, supplied
the reaction tube with reacting gas mixtures and inert
helium, It also supplied hydrogen and helium to the
- - _______ ________ _________ I.--LI-I
FIG. 6. GAS TRAIN SCHEMATIC.
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furnace shell,
All gases had to Pe free of oxygen, water and carbon
dioxide and their flow rates had to be adjustable and
accurately known for mixing.
The gases used were:
a. Prepurified hydrogen (Matheson Company) for reaction
gas mixing,
b. Regular grade hydrogen (Air Reduction Company) for
winding protection,
c. Helium (U.S. Navy) for flushing and quenching,
d. A specially prepared mixture of prepurified hydrogen
and hydrogen sulfide (Matheson Company), containing
0.94% H2S in a ceramic-lined steel tank.
Hydrogen and helium from the tanks were deoxidized at
4500C over freshly-reduced copper, dehydrated by anhydrone
and decarbonated by ascarite. The H2 /H 2 S mixture was
simply dried over anhydrone.
All gases.were then fed to capillary flowmeters,
calibrated by the soap bubble technique, where their
flow rates were regulated by means of adjustable bubblers.
The prepurified H2 and H2 /H2S mixture flows were
mixed in a vertical glass chamber filled with glass
beads to achieve the desired final gas composition.
This gas was then metered in a final flowmeter and fed
to the furnace.
The reaction gas could be replaced by inert helium
for flushimg the furnace or quenching the sample.
_
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The protective hydrogen was also metered and fed to the
furnace shell; it could be replaced by helium to flush the shell.
E. Gas Analysis
Accurate analysis of gas mixtures containing less than
0.5% H2 S was not possible with the available means. It was
therefore necessary to rely on the exact flow rate ratio of
the prepared gas mixture and the pure hydrogen, in order to
calculate the composition of the final gas, based on the
known composition of the prepared gas mixture,
The premixed gas was analyzed by Matheson and was later
checked by the gravimetric method of absorption in ascarite
and anhydrone, as well as by iodimetric titration in a 500cc
tutwiler burette. All analyses were in very good agreement
with each other.
In addition to these techniques a gas chromatography
device (Fisher-Hamilton Gas Partitioner) was used daily to
check the constancy of the tank composition. This remained
constant over the duration of the experimental work.
The gas partitioner operated on the principle of dif-
ferential gas thermal conductivity, using helium as the
carrier gas and a 5 feet long column of 10% butyl phthalate
on 40-60 mesh Columpak-T (Fisher Scientific Company), for
the separation of hydrogen sulfide. Figure 7 shows a typical
chromatogram obtained by this device. The sensitivity of the
system was limited to about 0.5% H2S, thus making the device
inadequate for analysis of more dilute gas mixtures.
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F. Experimental Procedure
The metal or alloy to be used for the experiments was
first melted in a covered alumina crucible (except for the
carbon-saturated alloys where a graphite crucible was
substituted) in an induction furnace, A helium atmosphere
protected the metal against oxidation Vycor glass tubes
were used to suck the metal from the furnace and the
resulting rods were cut to sizes to fit the spaces in the
reaction boat.
The loaded boat was placed in the boron nitride plug.
These were then placed in the reaction tube which had
been pushed to the open, condensation end of the furnace.
The reaction tube with the boat and the plug was then
moved back to the hot zone of the furnace, while a
continuous flow of helium through the tube and over the
boat protected the metal from oxidation, The flow rate of
helium was kept constant for better reproducibility.
The open end of the furnace was closed and the system
allowed to reach the set temperature. This took less than
10 minutes. For standardization purposes either 10 or 15
minutes were allowed from the moment the boat was moved to
the hot zone of the furnace. This constituted the
preheating period0
At the end of this time the helium was out off and
the reaction gas turned on, Its composition and flow rate
were known and the time of reaction was measured exactly.
At the end of the reaction time the reaction gas was
-
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replaced by helium and the reaction tube moved to the cold
end of the furnace, where the plug and boat were pushed out
on the condensation tube with the stainless steel push-rod.
The reaction tube was returned to the hot zone and the metal
Was left to cool-off for 10 minutes while the helium flushed
the furnace. Finally the furnace end was opened, the plug
removed and the boat stored in a dessicator until weighed,
A shorter version of this procedure was used to melt
down the pieces of rod into beads of metal fitting the boat
spaces. The weight of the boat after this procedure was
considered as its initial weight.,
An automatic electric balance weighing to 0,lmg was
used for determination of the weight of the boats.
The weight of the loaded boat was in the range of 1.6
to 2.9 grams, depending on the size of the boat (two dif-
ferent batches of alumina boats were used), The metal
weight averaged 1ei0 grams, giving a boat to metal ratio
of less than 1.1.
The weight losses measured in the experiments were in
the range of I to 130 mg, depending on the time and tempe-
rature of reaction, and the gas and metal compositions,
The range of temperatures covered in this work was
from 800 0C to 15000 C. Higher temperatures could be attained,
but the rate of breakage of the reaction and thermocouple
protection tubes was excessive,
-
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IV, PURE TIN RESULTS
For the determination of the thermodynamic properties
of tin sulphide, SnS(g), experiments were made using pure
tin metal as the charge material, The reaction
Sn(l) + H28(g) = SnS(g) + H2(g) (IV-1)
was studied and its free energy change determined in the
temperature range 8000 C to 1400 0 C.
Before these determinations could be undertaken, however,
it was necessary to check the design of the experimental
apparatus and obtain proof that equilibrium was indeed achieved
during the reaction.
Furthermore the possibility of other reactions occuring
simultaneously or consecutively in the reaction zone had to be
checked and the effect of such reactions on the results studied.
A. Verification of Equilibrium,
The proof that equilibrium is achieved in the reaction
is a constant weight loss of metal per unit volume of inlet gas
over a wide range of inlet gas flow rates, as discussed in
Chapter I, Section C.
An extensive check of this condition was made at 1200 0 C,
using an inlet gas containing 0.09% H2S in H2 flowing over
pure tin samples at gas flow rates ranging from 20 cc/min to
260 cc/min; the reaction time in all cases was 15 minutes.
The results of these runs are tabulated in Appendix A,
Table A-I. They are also plotted in Fig.8. It can be seen
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that in the range of 60 cc/min to 200 cc/min there is a constant
weight loss, with a mean value of 3.26 mg/lit, which falls off at
higher flow rates because of undersaturation of the gas. In the
low flow rate range the results show a wide scatter, which can
be assigned to less accuracy in the flow rate measurement and
the very small values of weight loss obtained, which tend to
magnify the error in the volume measurement. The particularly
high value at 60 cc/min may be due to spilling of the sample in
the furnace. It should be noted that Alcock and Hooper found
a similar area of flow rates for the plateau in their
measurements of palladium vapor pressure.
A similar check at 14000C, with an inlet gas of 0.94%
H2S and flow rates ranging from 53.4 cc/min to 100 cc/min also
yielded constant weight losses (Runs 102 to 120, Table A-II,
Appendix A.)
It was consequently shown that the requirement for
equilibrium was indeed fulfilled within a useful range of flow
rates.
B,. Possible Side Reactions.
1. Tin Vaporization.
One obvious side reaction is the vaporization of tin at
high temperatures, which leads to measured values of tin weight
loss higher than those due to SnS formation To determine the
effect of this reaction, a series of blank runs was performed,
in which pure hydrogen was used as the reaction gas. These runs
are tabulated in Appendix A (Table A-II) and show that there
,~~--..~..Y-- ---
39.
40o.
is a measurable weight loss due to tin vaporization at
temperatures above 10000C.
These results were used to correct those of the regular
runs at the same temperatures, which reflected the loss for
the formation of tin vapor as well as tin sulphide. In essence,
blank runs were made before runs with reactive gases,
The measured weight losses for vaporization were also
used to calculate the vapor pressure of tin in the exit gas,
They were found to be in reasonable agreement with published
11,13
data . A comparison of experimental results and published
values is included in Appendix B (Table B-I), Since the equip-
ment was not primarily designed for such measurements, better
agreement could not be expected, because the measured weight
losses were too low to be trusted, except for correction pur-
poses. It is quite possible that the flow rates at which
equilibrium is achieved for reaction (IV-1) are too low for
the determination of tin vapor pressure; if this is true, the
vapor pressure results will be high due to vapor diffusion.
As can be seen in Table B-I, this is the case in these expe-
riments, and the preceding argument explains the discrepancy
between the present experimental results and published data.
2. Tin Hydride Formation.
The formation of a volatile hydride of tin must be
considered, The reaction gas contains an excess of hydrogen
and the tabulated thermodynamic properties of SnH are similar
to those of SnS2 0'21 . If a hydride formed, it would cause a
- -- 
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loss of tin from the sample which would increase the measured
weight loss. To study this reaction, blank runs were performed
at 14000C, using hydrogen as the reaction gas. The results
were compared to those of similar runs, where helium was used
as the reaction gas. The measured weight losses for the two
sets of experiments were of the same order and were all due
to tin vaporization. This proved that no tin hydride formed
under the conditions of the experiment, because if it did,
the weight loss for the hydrogen runs would have been higher
than that for the helium runs.
3. H2S Dissociation.
The effect of H2S dissociation at reaction temperatures
on the equilibrium values of the H2S/H2 ratio was calculated
from equilibrium values for the dissociation reactions:
H2 S(g) = H2 (g) + S2 (g) (IV-2)
and H2 S(g) = HS(g) + H2 (g) (IV-3)
The change in the final equilibrium values was found
to be small enough to be negligible below 1000 0 C. However, at
1200 0C it was approximately 0.18% and at 14000C close to 1%.
The H2S/H 2 ratio was corrected accordingly in the calculation
of the equilibrium constant of reaction V-1), The relevent
calculations are shown in Appendix B (Table B-II).
Dissociation of H2 S into S, S6 and S8 can be shown to be
negligible (as Hager5 has also found) and was therefore not
considered here,
41.
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4. Reactions with Furnace Materials,
The reaction tubes and boats used were of recrystallized
alumina and consequently were inert to the reaction environment.,
But the alumina cement used to subdivide the boats was fired to
only 15000C and might possibly react with H2 S to give A1 2 S3 ,
or continue to lose H2 0 or C02 If this happened, the weight of
the boat would change during a blank run without any.tin. This
possibility was checked by reacting a weighed empty boat with
a gas containing 0,94% H2S for about 2 hours. No weight change
of the boat could be measured after this reaction, which showed
that the cement did not react with the reaction gas, nor undergo
further weight loss after firing.
Another material that could react was the boron nitride
used for the boat-supporting plugs. The results of runs made
with plugs machined from alumina cement (the same material used
to subdivide the boats) were compared with similar results
obtained when the boron nitride plugs were used.They were
found to be identical.This indirectly proved that the boron
nitride plugs did not react with the reaction gas.
5. Dissolution of Sulphur,
The activity of tin in all pure tin runs was assumed to
be unity. This was based on the assumption that the composition
of the metal was practically 100% tin.
To check this assumption, samples were reacted for up to
2 hours with the gas containing the highest proportion of
-
H2 S (0.94%) used in this study and then carefully analyzed for
sulphur. The results of the analyses showed less than 0.03% S
in the reacted samples. The unit activity assumption was
therefore justified.,
6. Formation of Different Sulphideso
Although the literature reports only two sulphides and
14-17
considers the higher, SnS2, to be unstable at high temperatures ,
it was decided to check the possibility of formation of any sulphide
other than SnS in this study,
The reaction of formation can be generally written:
xSn(l) + yH2 S(g) = SnxSy(g) + yH2 (g) (IV-4)
and its equilibrium constant:
K =nxy H2 (-5)p x P (-5)
Sn 2
For x=y=l, reaction (IV-4) becomes (IV-1) and the
equilibrium constant is simplified to:
PSnS"PH2
Kp = (IV-5a)
aSn H2 S
If x 4 1 in equation (IV-5) the value of PSnxS is
proportional to the activity of tin raised to the xth power
for a constant H2/H2S ratio.
Similarly for y # 1 the value of PSnS is proportional
to the yth power of the ratio PH2/PH2 if the tin activity is
kept constant.
By varying the activity of tin in the experiments it is
--_ __  _ _ I
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therefore possible to determine the value of x, while changing the
H2 S/H 2 ratio allows determination of y,
To determine the value of x, an alloy of tin with silver
was prepared, containing 50.4% Sn and 49.6% Ag. The initial mole
fraction of tin in this alloy was 0.48 and, based on earlier
investigations2 8'29 , the activity coefficient of tin is gSn=1.054.
Hence asn=0.506 initially.
This alloy was used in experiments at 10000C with a
reactive gas containing 0.94% H2S. The results are tabulated
in Appendix A (Table A-III), and were used to calculate the
equilibrium constant of reaction (IV-1), assuming x=1. This was
done in order to make possible a comparison with results obtained
from experiments using pure tin under the same conditions.
The final H2 8S/H 2 ratio in each case was not the same,
so the comparison was made by assuming SnS(g) to be the only
species and calculating the value of Kp for both sets of runs.
These calculations are included in Table B-III (Appendix B).
The results show excellent agreement of the calculated
values of Kp, which, in effect, proves the assumption that x=1
is correct.
The determination of the value of y in equation (IV-5)
was made by making runs with pure tin (aSn=1) at three different
temperatures and varying the inlet H2S/H2 ratio. Four gas
compositions were used at10000 C, and two each at 12000C and
1400 0 C. In each case the equilibrium constant was calculated
with the assumption that y=1, which amounted to taking the
ratios Pn/(PH2S/H 2 ). It was found that, at each temperature,
SU.
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the calculated values of the equilibrium constant from each
gas composition were in very close agreement with each other,
and consequently the value of PSnS was proportional to the first
power of PH2S/PH2, hence y=1. These calculations are included
in Table B-IV (Appendix B).
The conclusion of these investigations is that, under
the conditions of this study, the only sulphide formed is
stannous sulphide, SnS(g)o The only side reactions affecting
the experimental results are the vaporization of tin and the
dissociation of H2S, both occuring at the higher temperatures.
C. Experimental Results.
All runs performed with pure tin, whether blank or regular,
are tabulated in Appendix A (Table A-II). The measured weight
losses are expressed in mg/liter of inlet gas, and the mean
value for each group of runs at identical conditions of tempe-
rature and inlet gas composition is calculated.
For regular runs at 12000C and 1400C a corrected weight
loss is also shown. This is arrived at by subtracting from the
mean.of the measured weight losses of each group the mean of
the measured weight losses of the blank runs performed at the
same temperature. In this way the effect of tin vaporization
is taken into consideration and the corrected weight loss is
that due solely to the formation of SnS. At 800C and 10000 C,
where there is negligible loss by vaporization, the corrected
value is the same as the measured value,
Sa.
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The procedure by which these data are used to calculate
the equilibrium constant , Kp, and the free energy change, AFO,
of reaction (IV-1), incorporating the corrections for H2S
dissociation, is shown in Appendix B. Table B-IV (Appendix B)
summarizes the resulting values,
The variation of the equilibrium constant, Kp, with
temperature is shown in Figure 9. The broken line corresponds
to the best straight line obtained from the experimental points
by the least squares fitting method; this line is expressed by:
logKp =-I20 + 4,02 (IV-6)
.... T
The solid line in Figure 9 corresponds to an adjusted
slope expressed by:
6670logKp = + 4,93 (IV-?)
and obtained when a theoretical value for the entropy change
of equation (IV-1) is substituted for the experimental value.
This adjustment is discussed, in connection with the free
energy change, below.
The calculated values of the free energy change at each
temperature are subject to an uncertainty due to errors in
the measurements of temperature, the various weight losses,
the gas flow rates, the gas analysis and the scatter of the
experimental values used in each calculation. There is also
a deviation of the mean experimental value from the value
calculated from the equation used to express the free energy
change as a linear function of temperature. A discussion of
these uncertainties is given in Appendix B, along with the
calculation of the magnitude of the errors,
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Figure 10 shows the experimental values of the free energy
change of equation (IV-1), with their assigned uncertainties,
and the overall variation of the free energy change with
temperature.
The best fitting straight line resulting from use of the
least squares method is shown as a broken line and expressed
analytically by:
AFO = 24,790 -18.39T k 860 cal/mol (IV-8)
This shows a value for the entropy change ASO for reaction
(IV-1) equal to ASo = 18.39 e.u., which is lower than the value
ASo = 22.55 e.u. calculated from reliable tabulated data in
Chapter II of this study. The experimental method of this
study is not particularly suited to entropy determinations and
the temperature range covered is only 6000C. It is therefore
felt that the more reliable value of ASo = 22.55 e.u. should
be preferred to the experimental value and used in the free
energy expression, so that a new computation may yield a new
value for the enthalpy change.
The result of this recalculation is shown as a solid line
in Figure 10 and leads to the recalculation and adjustment of
the equation for the equilibrium constant already discussed
in connection with Figure 9. The new analytical expression for
the free energy change of reaction (IV-1) is given by:
FO = 30,505 f 1260 - 22.55T cal/mol (IV-9)
The free energy of formation of SnS(g) can be calculated
by combining equations (IV-1) and (IV-9) with the known free
energy relation for the formation of H2S(g) (Chapter II, Sec.A)
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H2 (g) + 0 2 (g) = H2S(g) (IV-10)
AFO = -21,570 + 11,79T ; 200 cal/mol (IV-11)
Then Sn(l) + S2 (g) = SnS(g) (IV-12)
AFQ = 8935 - 10.76T + 1270 cal/mol (IV-13)
in the temperature range 8000C - 1400OC.
D. Comparison With Earlier Investigations.
As described in Chapter II, Section B, Richardsi8 and
Beer determined the free energy change of equation (IV-1)
in earlier investigations. Their equations are plotted in
Figure 10 and given in Chapter II.
As can be seen, their results agree rather well with
the present work.
It should be noted that Beer did not correct for tin
vaporization, although working close to 12000C where the
effect is measurable. Most of his data were taken in the
vicinity of 11500C and he did not check the existence of
possible lower sulphides. He did check for the lower sulphide,
with negative results, by using two gas compositions at 11850 C.
However this sulphide, if it formed at all, would form at
lower temperatures rather than the highest ones.
Richards worked at considerably lower temperatures,
where SnS2 might very well exist. He did. not, however,
investigate the composition of the gas molecules forming by
reaction of hydrogen with solid tin sulphide. It is therefore
possible that his results are in error,
1
- -- ---~-F~L -- .-..~i~.. i  -1..~~~ 9 --p~
51.
St. Clair, Shibler and Solet's 1 7 results are in good
agreement with Richards' and extend only slightly higher in
the temperature range. As noted in Chapter II, the method used
for their vapor pressure measurements did not take into account
factors affecting such measurements as discussed by Alcock
and Hooper4 ,
- -
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V, ALLOY RESULTS
Binary tin-iron alloys melting at 1300 0 C are restricted
in the range of 30% Sn to 48% Sn, as can be seen in the phase
diagram shown in Figure 11 and taken from Hansen240
Three such alloys were prepared by melting weighed
amounts of pure tin and electrolytic iron in an alumina
crucible placed in an induction furnace under a helium
atmosphere. Each melt was heated to over 15000C, and kept
there for 25 minutes to obtain good mixing.
Using Vycor glass tubing, samples were drawn from the
melts and, after solidification, cut in sizes to fit the
alumina boats, Various samples were analyzed for tin to
ascertain the homogeneity of the alloys.
The addition of carbon to iron-tin alloys lowers the
melting point of the alloys considerably and therefore
allows use of alloys low in tin at temperatures as low as
1300 0C. Four such alloys were prepared in the same manner
as the binary alloys, except that graphite crucibles were
used instead of alumina in order to have saturation of the
alloys in carbon,
The composition of all these alloys is shown in Table V-I.
These alloys were used in experiments performed at 1300 0C,
1400CC and 15000C, and using as the reactive gas a mixture
of 0.94% H2S in H2 . Blank runs were also performe4 using
pure hydrogen as the reaction gas0
- -
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TABLE V-I: INITIAL ALLOY COMPOSITIONS
ALLOY NUMBER INITIAL %Sn INITIAL %C
1 11.95 3.53
2 30.10
3 39,90
4 46,05 
--
6 1.90 5.09
7 3.70 4,83
8 9.22 4.47
Tabulations of the results of these experiments are
included in Appendix A (Table A-IV for iron-tin alloys and
Table A-V for iron-tin-carbon alloys). Only one alloy was
used at 1500 0C, because of a high rate of breakage of the
furnace refractories.
Based on the results of the pure tin experiments, as
given by equation (IV-7) (Chapter IV, Section C), the
equilibrium constant, K p, for reaction (IV-1) is calculated
at each temperature. This value, combined with the experimental
data which allow calculation of the equilibrium values of
PSnS' PH2S and PH2, can be used to determine the activity
of tin in the alloy through equation (IV-5).
Although this procedure is essentially identical to that
used for pure tin, there are two problems that become important.
One is the addition of sulphur to the molten alloy through
formation of iron sulphide and the other is the depletion of
tin from the alloy by formation of SnS(g) and Sn(g), which causes
a change in the alloy composition,
The final composition of the alloys can be determined
analytically, but for the equilibrium calculations neither
the initial nor the final composition can be used, Rather an
intermediate composition value, and the tin activity cor-
responding to this compositior should be used.
Because of the small size of the samples and the
necessity to have large enough weight losses, the changes
in tin content, especially in the low tin, carbon-saturated
alloys were quite large. It was decided to use a mean value
of tin content for these alloys, while an average value was
used in the binary alloys, where the shift in composition was
not as large.
The formation of FeS affects the results in two ways.
It uses up some of the H2S in the gas an, by adding weight
to the sample, produces lower weight losses than are actually
due to the volatilization of Sn and the formation of SnS.
Both of these factors are taken into account in the
equilibrium calculations.
The results of the binary alloy will be discussed after
those of the carbon-saturated alloys, because of their lesser
accuracy.
On the Fe-Sn-C runs, analyses were made on the reacted
samples for tin and sulphur. When these were cprrelated with
-UU;~II
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the known original composition and weight, and the measured
weight losses of the boats, there was in most cases a disagreement
between the analytical results and final values calculated by
an overall tin mass balance based on either the final tin
or the final sulphur analysis,
This is explained by the fact that each boat contained
three metal beads, which did not all react to the same extent
with the gas. Their final composition was therefore not the
same. This was not always taken into account in the proper
manner when the chemical analyses were performed and
rechecking showed considerable variations0
It was decided to select the most reasonable values for
either the tin or the sulphur analysis and proceed with the
calculations, in order to obtain a qualitative idea of the tin
activities0 The calculations are presented in detail in
Appendix Co
The values of the activity coefficient of tin in carbon-
saturated iron-tin alloys determined in this manner are:
Yn = 15.76 at 13000C (max. Nn = 0.0377)Sn Sn
and Yn = 5.52 at 14000C (max. NSn = 0.0443).
These compare reasonably well with Shields,31 results of
~n = 13.3 at 12750C (max, Nsn = 0.015)
and Yn = 8.55 at 1550 0 C (max. Nn = 0.o31),
which are shown in Figure 12 together with the present results.
In the case of the carbon-free alloys, which were studied
first, no analyses were made for final sulphur or tin; it was
thought that the latter could be determined by a mass balance.
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It was therefore decided to assign final sulphur contents for
each temperature, based on the results of the carbon-saturated
alloys, and proceed in the calculations as in these alloys.
These calculations are also presented in Appendix C.
The tin activity coefficients determined in this manner
are: YO = 2.518 at 1300 0C (max. N = 0,270),Sn Sn
yn = 1.787 at 14000C (max° NSn = 0 264)
and YO = 1.156 at 15000C (N = 0o0147).Sn Sn
Shields reported Sn = 2 at 1550 0C (max, Nsn = 0,021).
Figure 13 shows all these results0
It is obvious that no great significance can be attached
to any of these results, except as a qualitative guide,
Great attention was paid to the design of the apparatus
in order to obtain equilibrium0 This led to the use of three-
bead samples so small, that in order to obtain reasonably
large weight losses, large shifts in composition occured, A
different equipment design that allows use of a larger, single
bead of metal is probably the best way to obtain reliable
results by this method, even though this is not the best
design for gas-metal equilibrium0 The fact that the experimental
data and analytical results can be cross-checked by a simple
mass balance allows for a sensitive test of a modified
approach to the system, and justifies an effort in that direction,I
NSn
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VI. SUMMARY AND CONCLUSIONS
A, The Free Energy of Formation of SnS(g)0
Using a modified transportation method with a gas
mixture of hydrogen sulphide and hydrogen as the reactive
carrier gas, the free energy of the reactions
Sn(l) + H2S(g) = SnS(g) + H2 (g) (VI-l)
has been measured. Corrections are necessary at temperatures
above 10000 C for H2S dissociation and tin vaporization.
It has been established that the only important sulphide
of tin in the temperature range, 8000 to 1400 0C, is stannous
sulphide (SnS), and that equilibrium is achieved for reaction
(VI-l).
The free energy change for reaction (VI-1) is given by:
AFo = 30,505 d 1260 - 22o55T cal/mol (VI-2)
When combined with the known free energy of formation of
H2 5, the free energy of formation of SnS(g) is obtained:
Sn(l) + JS2(g) = SnS(g) (VI-3)
&FO = 8935 - l0.76T (±1270) cal/mol (VI-4)
in the temperature range, 8000 to 14000C,
Thereis good agreement between the results of this study
and those of earlier investigations.
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B. Activity of Tin in Iron-Tin and Iron-Tin-Carbon Alloys.
method
The same experimentalAis applied to alloys and, in con-
junction with the results obtained for pure tin, the activity
of tin in these alloys is calculated.
Because of large shifts in composition and disagreement
in chemical analyses, the results obtained are of a qualitative
nature. Considerable modification of the experimental method
would be required in order to eliminate these problems and
obtain more reliable results.
These should include a larger sample to reduce the change
in composition and a single, rather than multiple, bead sample
to facilitate better analytical results.
Perhaps less emphasis might be given to the attainment
of gas-metal equilibrium.
Further modifications are necessary if measurements at
temperatures above 14000C are to be made, since the present
apparatus presented serious breakage problems for the furnace
refractories.
The results obtained for both carbon-saturated and
carbon-free iron-tin alloys indicate an increase in tin
activity at lower temperatures and a large increase of the
tin activity due to the presence of carbon,
These conclusions are in agreement with those of
earlier investigations and indicate a positive heat of
mixing of tin in these alloys.
It is felt that, in view of the major modifications of
62.
the present method which would be necessary to obtain more
precise results on alloys, other methods should be applied
to the problem of determination of tin activities in iron-
tin-carbon alloys.
These methods should be designed to avoid the main
difficulties encountered in this study, shifting compositions
and addition of a fourth element (such as sulphur) to the
alloy.
____ __
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APPENDIX A
TABULATION OF EXPERIMENTAL DATA
TABLE A-I: EQUILIBRIUM CHECK RUNS
All runs at 12000C; inlet gas 0.09%H2 ; react.time 15min.
RUN FLOW WEIGHT LOSS RUN FLOW WEIGHT LOSS
RATE RATE
# cc/min gr mg/lit # cc/min gr mg/lit
40
41
43
38
39
42
1
2
3
18
19
20
21
4
5
6
14
15
16
7
20
20
20
40
40
40
60
60
60
60
80
80
80
100
too00
100
120
120
120
140
0.0019
0.0006
0.0014
0.0042
0.0049
0. 0036
0.0042
0.0026
0.0029
0.0032
0.00320,0032
0.0039
0.0036
0. 0048
0.0052
0.0053
0.0055
0.0054
0.0056
0.0070
3.17
2.00
2.33
3.50
4.08
3.00
4.67
2.89
3.22
3.55
2.66
3.25
3.00
3.20
3.47
3.53
3.06
3.00
3.11
3.33
8
9
10
11
12
28
29
30
25
26
27
31
32
33
22
23
24
34
35
36
140
140
160
160
160
180
180
180
200
200
200
220
220
220
240
240
240
260
260
260
0.0068
0.0070
0,0080
0.0077
0.0088
0.0091
0.0091
0.0096
0,0098
0.0100
0.0091
0.0106
0.0107
0.0098
0.0110
0.0110
0.0113
0.0110
0.0125
3,24
3.33
3033
3.46
3,21
3.26
3.36
3.36
3.20
3.26
3.33
2.76
3.21
3.25
2.72
3.06
3.06
2.89
2.82
3.20
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TABLE A-II: PURE TIN RUNS
RUN TEMP INLET FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# oC GAS cc/min min grams mg/lit mg/lit mg/lit
109 800 .94% H2S
110 800 .94% H2S
111 800 .94% H2S
100
100
100
30 0,0085 2,833
30 0.0094 3o133 3,014 3,o14
30 0,0092 3.067
70 1000
71 1000
72 1000
73 1000
H2
H2
H2
H2
74 1000 .09% H2S
75 1000 .09% H2S
76 1000 .09% H2S
77 1000 .09% H2S
114 1000 .10% H2S
56 1000 .136%H 28
57 1000 .136%H 2S
58 1000 
.136%H2S
59 1000 .136%H 2
115 1000 .94% H2S
100 30.45 0,0000 0,000
100 30,45 0.0000 0,000
100 30.45 0.0000 0.000
100 30.45 0,0000 0.000
100
100
100
100
100
120
120
120
120
100
30.45 o0.oo61 2.003
30.45 0.0067 2,200
30.45 0.0072 2.365
0.000 0.000
2.256 2.256
3045 0.0074 2.430
30 0.0077 2.567 2.567 2.567
30 0,0130 3,611
30 0.0114 3.167
30 0.0120 3.333
30 0,0125 3,472
3.400 3.400
30 0,0717 23,900 23,900 23.900
- --U~-- ~----~~--
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TABLE A-II (Continued)
RUN TEMP INLET FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# 0C GAS co/min min grams mg/lit mg/lit mg/lit
78 1200
79 1200
80 1200
81 1200
86 1200
87 1200
88 1200
89 1200
90 1200
H2
H2
H2
H2
H2
H2
H2
H2
100 30045 0o0026 0,854
100 30o45 000011 0,361
100 30.45 0,0009 0,296
100 30.45 0.0007 00230
100
100
100
100
100
30 0.0005 0o167 0.368 0,368
30 0.0002 0,067
30 0o0000 0,000
30 0.0013 0,433
30 090000 0,000
82 1200 ,09%H2 S
83 1200 .09%H2 S
84 1200 .09%H2 S
85 1200 .09%H2 S
116 1200 
.94%H2 S
44 1400o
45 1400
46 1400
47 1400
48 1400
49 1400
50 1400
H2
H2
H2
H2
H2
H2
H2
100 30.45 0.0118 30875
100 30045 0.0116 30810
100 30o45 0.0117 3.842
100 30.45 0.0105 3o448
100
100
100
100
100
160
160
160
3.748 3.380
30 0.1083 36o100 36.100 35.732
30 0.0048 1.600
30 0,0037 1,233
30 0.0057 1.900
30 0.00o45 10500
30 0.0074 1.542
30 0oo0065 1354
30 0oo61 1,271
--- - --- la IL
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TABLE A-II (Continued)
RUN TEMP INLET FLOW REACT WEIGHT LOSS
RATE TME INDIVIDUAL MEAN CORRECT
# 0C GAS cc/min min grams mg/lit mg/lit mg/lit
51
52
53
54
55
60
61
62
63
96
97
98
99
102
103
105
106
108
119
120
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
1400
H2
H2
H2
H2
H2
H
2
H2
H2
H
2
He
He
He
He
.94%H2 s
.94%H S
.94%H2
.94%H2 S
.94%2S
.94%H2 S
30 0,0183 6,100 6,100 4,558
160
160
16o
160
160
160
160
100
100
100
100
100
100
53.4
53.4
89
89
100
100
100
30
30
30
30
30
15
15
15
15
30
30
30
30
45
45
30
30
120
30
30
0.oo8l
0.0076
0,0068
0,0084
0.0049
0,0039
0.0029
0,0023
0.0029
0.0042
0.0045
0,0050
0,0053
0,1044
0,1056
0.1110
0,1134
0,5171
0.1289
0o1285
1.687
1,583
1.418
1.723
1,021
1,625
1.208
1,533
1,933
1.400
1500
1,667
1.767
43.449
43.944
41,573
42,472
43,092
42,967
42,833
1,542 1,542
42.910 41.368
I -- - - - ---- -- I - I-cc~D~h -- -~-----~I- , I -
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TABLE A-III: SILVER - TIN ALLOY RUNS
All Runs at 1000 0C. Initial Alloy: 50.4%Sn, 49.6%Ag.
RUN INLET FLOW iEACT WEIGHT LOSS
GAS R TE TIME INDIV IDUAL MEAN
# GAS cc/min min grams mg/lit mg/lit
A-111 .94%H2 S 89 30 0.0385 14.419
A-112 .94%H 2S 89 30 0.0454 17.004
A-211 .94%H 2S 89 30 0.0365 13.670
15.829
A-212 .94%H2S 89 30 0.0452 16.929
A-311 .94%H2S 89 30 0.0418 15.655
A-312 .94%H2S 89 30 0,0453 16.966
- - -..11 - - --b~--- --~~..1--.1-. -4. 
--~ - ~-
68,
TABLE A-IV: IRON-TIN ALLOY RUNS
RUN ALLOY TEMP %H2 S FLOW REACT WEIGHT LOSS
RATE T IME INDIVIDUAL MEAN CORRECT
# # OC IN GAS cc/min min grams mg/lit mg/lit mg/lit
205 2 1300 0 100 30 0,0038 1.27
206 2 1300 0 100 30 0.0035 1.17
207 2 1300 0 100 30 0.0018 0,60
215 2 1300 0,94 89 30 0.0511 19.14
1.06
216 2 1300 0,94
217 2 1300 0,94
222 2 1300 0,94
305 3 1300 o
306 3 1300 0
307 3 1300 0
315 3 1300 0.94
316 3 1300 0.94
317 3 1300 0.94
401 4 1300 0
402 4 1300 0
403 4 1300 0
411 4 1300 0.94
412 4 1300 0.94
413 4 1300 0.94
420 4 1300 0.94
89 30 0.0554 20.75
89 30 0.0617 23,11
89 30 0.0688 25.77
100 30 0.0010ooo
100 30 0,0010
100 30 0,0009
0.33
0,33
0,30
22.33 21.27
0.32
89 30 0.0758 28.39
89 30 0.0674 25,24 26.43 26.11
89 30 0.0682 2554
100 30 0.0017
100 30 0.0015
100 30 0,0014
0.57
0.50
0,47
89 30 0,0687 2573
89 30 0.0657 24,61
89 30 0.0726 27,19
89 30 0,.0816 30,56
0.52
27.11 26.59
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TABLE A-IV (Continued)
RUN ALLOY TEMP %H2 S FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# # 1C IN CiS cc/min min grams mg/lit mg/lit mg/lit
201 2 1400 0
202 2 1400 0
203 2 1400 0
204 2 1400 0
213 2 1400 0.94
214 2 1400 0.94
222 2 1400 0.94
301 3 1400 0
302 3 1400 0
303 3 1400
304 3 1400
0
0
100 30 0,0039
100 30 0.0028
100 30 0.0042
100 30 0.0027
1o30
0093
1.40
0.90
1.15
89 30 0,0818 30,64
89 30 0.0876 32,81 31.84 30,69
89 30 00855 32,02
100 30 0,0038
100 30 0,0032
o100 30 0.0045
100 30 0,0039
1.27
1,07
1,50
1,30
1,29
311 3 1400 0,94
312 3 1400 0.94
313 3 1400 0.94
314 3 1400 0.94
404 4 1400 0
405 4 1400 0
406 4 1400 0
416 4 1400 0,94
421 4 1400 0.94
89 30 0,1003 37,57
89 30 0,0954 35,73
89 30 0,0873 32,70
89 30 0.1011 37.87
100 30 0.0055
100 30 0,0038
100 30 0,0027
1,83
1,27
0,90
89 30 0,0925 34,64
89 30 0.1037 38,84
36,03 34.74
1,39
36.80 35.41
p --- II- Il...~i~.-
70.
TABLE A- IV (Cont inued)
RUN ALLOY TEMP %H2S FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# # OC IN GAS cc/min min grams mg/lit mg/lit mg/lit
208 2 1500 0 100 15 0.0019 1.27
209 2 1500 0 100 15 0.0048 3.20 2,44 -
210 2 1500 0 100 15 0.0037 2,47
223 2 1500 0.94 89 30 0,0934 34.98 34.98 32.54
TABLE A-V: IRON-TIN-CARBON ALLOY RUNS
RUN ALLOY TEMP %H2 S FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# # OC IN GAS ccAin min grams mg/lit mg/lit mg/lit
604 6 1300 0
605 6 1300 0
606 6 1300 0
614 6 1300 0.94
615 6 1300 0.94
616 6 1300 0.94
704 7 1300 0
705 7 1300 0
100 30 0.0019
100 30 0.0024
100 30 0.0020
89 30 0.0061
89 30 0.0057
89 30 0,0067
100 30 0.0026
100 30 0.0021
0 100 30 0.0036
0.70
0.63
0.80
0.67
2.28
2.13
2.51
087
0.70
1,20
2.32 1.62
0.97
706 7 1300
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TABLE A-V (Continued)
RUN ALLOY TEMP %H S FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# # 1C IN CGS cc/min min grams mg/lit mg/lit mg/lit
714 7 1300 0.94
715 7 1300 0.94
716 7 1300 0.94
851 8 1300 0
852 8 1300 0
853 8 1300 0
861 8 1300 0.94
862 8 1300 0.94
863
151
8 1300 0O
1 1300
89 30 0.0168
89 30 0.0150
89 30 o0.0146
100 30 0o0029
100 30 0.0026
100 30 0.0035
6.29
5062
5.47
0,97
0.87
1.17
5o81 4.84
1.00
89 30 0.0582 21,80
89 30 0.0567 21.24 21.87 20.87
89 30 0.0604 22.6294
0
152 1 1300 0
153 1 1300 0
161 1 1300 0.94
162 1 1300 0.94
163 1 1300 0.94
601 6 1400
602 6 1400
603 6 1400
611 6 1400 0.94
612 6 1400 0,94
613 6 1400 0,94
100 30 0,0032
100 30 o.oo34
I00 30 0,0036
1.07
1.13
1.20
1.13
89 30 0,0908 34.01
89 30 0,0851 31.87 32.92 31.79
89 30 0,0878 32,88
100 30 0,0028
100 30 0,0031
100 30 0,0036
89 30 0.0106
89 30 0.0097
89 30 0.0104
0.93
1.03
1,20
3,97
3.63
3,90
1410
3,82 2.72
L .. - ~ae- --
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TABLE A-V (Continued)
RUN ALLOY TEMP %H2 S FLOW REACT WEIGHT LOSS
RATE TIME INDIVIDUAL MEAN CORRECT
# # "C IN GAS cc/min min grams mg/lit mg/lit mg/lit
701 7 1400 0
702 7 1400 0
703 7 1400 0
711 7 1400 0.94
712 7 1400 0.94
713 7 1400 0.94
854 8 1400 0
855 8 1400 0
856 8 1400 0
864 8 1400 0.94
865 8 1400 0.94
866 8 1400 0.94
154 1 1400 0
155 1 1400 0
156 1 1400 0
164 1 1400 0.94
165 1 1400 0.94
166 1 1400 0.94
100 30 0.0043
100 30 0,0041
100 30 0,0036
89 30 0,0250
89 30 0,0228
1.43
1037
1,20
9.36
8,54
1.33
9.33 8.00
89 30 0,0267 10,00
100 30 0,0052
100 30 0,0062
100 30 0,0054
1.73
2.07
1.80
1.87
89 30 0,0601 22,51
89 30 0,0518 19,40 22,21 20.34
89 30 0.0652 24.42
100 30 0,0068
100 30 0,0062
100 30 0,0057
2,27
2,07
1.90
2.07
89 30 0,0795 29o78
89 30 0,0823 30.82 30.90 28.83
89 30 0,0857 32,09
- ~ --- ~-~--
I - -
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APPENDIX B
ANALYSIS OF TIN DATA
I. Thermodynamic Calculations.
The equilibrium constant Kp for the reaction
Sn(l) + H2 S(g) = SnS(g) + H2 (g) (B-1)
PSnSPH
2
is K = anoP (B-2)
aSn PH 28
The values of the partial pressures of SnS, H2 and H2S
are those at equilibrium with the metal, i.e. exit gas values.
Tin is assumed to be at unit activity where pure tin is
the charge material, since pure liquid tin is the standard
state, and the analyzed sulphur concentration is negligible.
The basis for all calculations is one liter of inlet gas
measured at standard conditions. The composition of this gas
is known and it contains only hydrogen sulphide and hydrogen.
The experimental measurements provide the weight loss
of tin due to the formation of SnS(g), WSnS, and that due to
tin vaporization, WSn , both expressed in mg/lit inlet gas.
These weights can be converted into volumes of SnS(g)
and Sn(g) produced (standard conditions) by the relations
VSnS = ( 2 2 .4/11 8 .7)WSn S  and VSn = (22o4/118.7)WSn.
According to reaction (B-1), for each mole of SnS(g)
formed, one mole of H2 S(g) is used up and one mole of H2(g)
produced; thus the equilibrium volumes of H2 S and H2 can be
calculated,
_~~I -- -- -I~;nP *~
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If the initial gas contains Vi2S cc H2S/liter , the
initial hydrogen content is 1000 - Vi2S cc H2/liter.
After reaction, the volumes of each gas present will be:
H2 (g) 1000 - V2S + VSnS cc/lit inlet gas
H2S(g) Vi2  SnS cc/lit inlet gas
SnS(g) VSnS  cc/lit inlet gas
Sn(g) VSn cc/lit inlet gas
Total exit gas 1000 + VSnS + VSn cc/lit inlet gas,
Additional corrections are made for the dissociation
of H2S into HS and S2 according to the reactions:
H2S(g) = H2 (g) + S2 (g) (B-3)
and H2S(g) = HS(g) + 'H2 (g) (B-4)
Dissociation into S(g), S6 (g) and S8 (g) is negligible.
Assuming reactions (B-3) and (B-4) to be at equilibrium,
the partial pressures of S2(g) and HS(g) can be calculated
and used to correct the final composition of the exit gas
according to the stoichiometry of reactions (B-3)and (B-4).
These calculations are discussed later,
When the final exit gas composition is known, the partial
pressures of H2 (g), H2S(g), SnS(g) and Sn(g) are expressed
as ratios of the partial to the total volume of exit gas,
They are then used to calculate the equilibrium constant, Kp,
of reaction (B-i) from equation (B-2). The free energy change,
AF0 , is computed by the relation:
AFO = -RTlnKY (B-5)
where R is the perfect gas constant, T the absolute temperature
and Kp the equilibrium constant,
c ----- ~ --I----- -n-- ----- - -----r - ---r- ----- s~- p~ ;--~i~nar~: ~-iu;: ~ .~ ; ~E-~IIIS~CPhr~T_=~
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Table B-I compares the experimental tin vapor pressures
to those calculated from equations (II-6), (II-7) and (11-8)
(Chapter II, Section B).
TABLE B-I TIN VAPOR PRESSURES. (atm)
TEMP Searcy & Freeman
Experimental Chipman
oC Knudsen Torsion
8 0 40 40800 - 652xi d0 5.65x10 9.78x10o
1000 - 1.31x10 7  1.31x10 7  1.63x10-7
1200 6.90xo10 5  6.23x1 6  6.94x10 6  6.73x10-6
4 4 -4 -
1400 2.91x104  1,17xlO 4  1.42x10 1.15x104
The free energy relations for the dissociation equations,
(B-3) and (B-4) respectivelyare
&FO = 21,570 - 11.79T cal/mol
and AFO = 41,640 - 15 0 49T cal/mol
(B-6)
(B-7)
The equilibrium constants are, respectively,
and
hence
and
P
KS2 PH2S S 2
HS
PHS S pH2S 2
PS2 S=2(PH2S/PH2)2
(B-8)
(B-9)
(B-8a)
(B-9a)
and from equations (B-6) and (B-7)
~_I __ ___ _ _ 1__~ __~~_ _ __
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logK5 2 = 2,576 T (B-6a)
and logKHs = 3.385 - 100 (B-7a)
Using these equations and the experimental results,
PS2 and PHS are calculated and the correct values of the final
gas composition computed. Table B-II shows a tabulation of
final PH2 S, PH2 and PH2 /PH2 values before dissociation oor-
rections, the calculated values of PS2 and PHS , the corrected
PH2S/PH2 ratio and the % change in that ratio due to H2
dissociation, calculated by the relation
(PH SH ) - (PH2 S/PH )corr
%Change in PH 2/PH = 100 2 orr (B-10 )
(PH2S /PH2) r
When working with the silver-tin alloy, there is a
change in the composition of the alloy as tin is removed by
reaction with the gas. For the calculation of the activity of
tin, a mean value of the initial and final mole fractions of
tin is used. The initial composition of the alloy (50.4% Sn,
49.6% Ag) corresponds to NSn = 0,480, The final composition
is calculated from the known mean value of initial charge
weight (1.1856 gr) and the known mean weight loss (.o0423 gr)
to be 48.56% Sn and 51.44% Ag, corresponding to NSn = 0.462,
The mean of initial and final values is NSn = 0.471 and for
ySn = 1.054, asn = 0.497.
The results of the Ag-Sn alloy runs are treated like
those of pure tin runs and used to calculate Kp at 1000C
with aSn=0.497. They are compared with pure tin data at the
same temperature and same inlet gas composition in Table B-III.
-C.
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TABLE B-IIO HS DISSOCL TION CALCULATIONS
TEMP 2IET NON-CORRECTED FINAL CALCULATED CORRECTED %
GAS PH PH PHS/PHP PHS PH S/PH CHANGE
oc %H 2s H2  2 2s 2 2 2 2 2
.8.3 '"3  -8 - 3
800 .940 8.83xi0 .991 8.9096x1i 1.86xi0 7.14xi0 8.9096x1l 0.0008
-4 -4 '10 -8 -4
1000 .090 4,74x10 .999 4.7422x10 9.53x10 8.20x10 4,7414x10 0.017
-4 -4 -9 -8 -4
1000 .100 5,16x10 0999 5.1627x10 1.13x10 8.93x10 5.1618x10 0,017
-4 -4 -9 7 -4
1000 .136 7.18x10 .999 7.1852x10 2.19x10 1.24x10 7.1839x1 4 0.018
3 3 -7 7 31000 .940 4,87x 1 .991 4.9140x1 1.02x10 8.46x10 4,9129x1 0.022
-4 -4 9 7 -4
1200 .090 2,62x10 .999 2,6207x10 3.89x10 4.21X10 2.6164x10 0.164
3 3 7 -6 3
1200 .940 2,64x10 .991 2.6641x10 4,02x1 4.27x10 2.6590x10 0.193
-4 -4 9 6 -4
1400 .100 140x10 .999 1.4002x10 6.42xl0 1.24x10 1.3875x10 0.904
1400 .940 1,58x10 3 .990 115955x0 833xl0 1.40xi 1.5795x1 3 1.002
TABLE B-III: COMPARISON OF TIN AND TIN-SILVER RESULTS
TEMP INLET WT LOSS EQUILIBRIUMMETAL a K
oC H2S mg/lit Sn PSnS PH2S/H2 p
Pure Sn 1000 0.94% 23,900 1 4,49x10 3  4.91x10-3  0,914
Ag - Sn 1000 0.94% 15o829 0.497 2.98x10- 3 6.45x10-3 0,928
------- -- -- -- --x-- - --- ------ ------- --- -- ---
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TABLE B-IV: PURE TIN CALCULATIONS
TEMP INLE WEIGHT LOSS EXIT GAS EQUIL.CONST. &FOTM IcalGAS RUNS (mg/lit) for p P / Ep
OC %H2 S Sn(g) SnS(g) SnS H2S H2  KP
800 .940 3 0 3.014 5.69x1i4 8.9096xij 3  0.06383 +5870
1000 .090 4 0 2.256 4.26x10 4.7414x0 0.898
-4 -41000 .100 1 0 2.567 4.84x10 5.1618xio 0,937
8 1 4  0.902 +3201000 .136 4 0 3.400 6,42x10 7,1839x10 0.893
1000 .940 1 0 23.900 4.49x10 4.9129x10 0.914
-4 -41200 .090 4 0,368 3.380 6.,38x10 2,6164x10 2,437
1200 .940 1 0.368 35.732 6.270xi6590xi 2.519
1400 .100 1 1.542 4.558 8.59x10 1.3875x10 6.191
1400 .940 7 1.542 41,368 7,74x10 3  1.5795x103 4903 5082 -5405
The overall calculations made to obtain the final equi-
librium constant and free energy values at each temperature are sum-
marized in Table B-IV. Where more than one inlet gas composition was
used, the equilibrium constant is calculated separately and then a
mean value is obtained, weighted by the number of runs from which
each particular value was derived, This mean value of the equilibrium
constant is used in equation (B-5) to calculate the free energy
change.
c
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II. Statistical Calculations.
a) Definitions32'33 .
For a series of n measurements x1 , x2 ,....x n, the mean
value, x, and the mean deviation, or scatter, Al, are given by
the relations:
n n)2
x2 ( - xi)2
i=1
x- i= and Ax =
n n (n -1)
The weighted mean value of a set of values xi, X2,...xn,
each based on mi, m2 ,....m measurements is given as:
n
X ~n
mi
i=1
n
- - (6x i 2
i=1
Using these definitions, the mean value of weight losses,
the corresponding mean deviations due to scatter of points, the
weighted mean values of these deviations at each temperature and
the overall mean deviation of the experimental results were
calculated. The error in measurements due to scatter of points
was thus found to be d0.100 mg/lit,
~I
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b) Estimation of Uncertainties.
The errors entering the individual measurements of the
free energy change are of three types.
1) Errors in the temperature measurement, These are due
to temperature fluctuations in the furnace (kept under ±20C),
to incorrect thermocouple calibration (less than Al*C) or to
the fact that the sample and the thermocouple were in separate
parts of the furnace cross-section (this deviation was checked
and found never to exceed 120C), So the overall error in the
temperature measurement was taken as 6T = :3*C,
2) Errors in gas analysis. This error was estimated to
be 1% of the analyzed value of 0.94% H2 S in the tank, after
repeated analyses using different methods agreed to within
less than this figure.
3) Errors in weight measurements affecting the calcu-
lated weight losses. These may be caused by errors in weighing
(a maximum of three weighings with an error of 0.00005 grams
each are involved; when reduced by a gas volume of three liters
these amount to ±0.050 mg/lit), in the volume measurement (a
2% error in flow rate measurements accounts for 40.060 mg/lit),
and to the scatter of individual results whose mean value is
taken as the weight loss (this contributes an error of +0.100
mg/lit as described in the previous section). The overall error
in weight measurement is then found to be:
6x =- 0.127 mg/lit for multiple run results
and 8_X=0.090 mg/lit for single run results (no scatter).
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From the relation AF = -RTlnK (B-5)
6(AF) = 68F) 6 T + 6(6F)6K (B-11)
or 6(AF) =AF6T + RT6K (B-lla)T K
If x represents the mean weight loss, 68 the error in
x, and the inlet gas contains Y% H2 S , the equilibrium constant,
K, can be expressed in a simplified form (taking PH 1) as:
22.4 2PSn
K H= ----- (B-12)
PH2 S 22.4- a - x
1OY
where a = (22.4/118.7) (B-13)
Differentiation of equation (B-12) gives
A6K 8K6K = I6x + A6a (B-14)
a6x + xsa
or 6K = - + )z (B-15)(a -x)
Since the error in gas analysis is 1%, 6Y = 0.01Y,
and 6a = (1187/22,4)Y = 0.53Y (B-16)
Substitution of equations (B-13) and (B-16) into equation
(B-15) allows calculation of 6K, This can then be used in
equation (B-11a) to calculate 8(AF), the uncertainty of the
free energy measurement. When more than one gas composition
was used, a weighted mean value of R is used in equation
(B-11a).
These calculations are summarized in Table B-V.
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TABLE B-V: UNCERTAINTY CALCULATIONS
TEMP Y x F x 6K 6 (AF)
800 0.940 3.014 0.064 +5870 0.127 0.002 0.002 ±90
0.090 2.256 0.127 0.128
0.100 2.567 0,090 0.092
1000 0,902 +320 0.103 :290
0.136 3.400 0.127 0.090
0.940 23,900 0,090 0.027
0.090 3.380 0.127 0.518
1200 2.453 -2625 0.468 d570
0.940 35.732 0.090 0.144
0.100 4.558 0.090 2.440
1400 5.082 -5405 0.835 E570
0.940 41.368 0.127 0.605
Mean of uncertainties 6(AF) = '430 cal/mol.
c) Deviation of Experimental Results from Equations.
The least squares fitting method3 was used to fit a
relation of the type AF = 1H - T*AS to the experimental
results. The resulting equation was:
AF Q = 24,790 - 18.39T (B-17)
When an entropy change AS = 22.55 e.u. was preferred,
new calculations led to an adjusted equation:
AFO = 30,505 - 22.55T (B-18)
The values of the free energy calculated from equations
(B-17) and (B-18) are different from the experimental values,
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as can be seen from Figure 10 (Chapter IV), where the equations
are plotted as straight lines.
The mean deviation of the experimental values from those
derived from equations (B-17) and (B-18) are, respectively,
*750 cal/mol and +1190 cal/mol, Since there is a mean uncer-
tainty of ±430 cal/mol in the experimental results (as shown
in the preceding section), the total uncertainty of the results,
when presented in the form of equations (B-17) and (B-18) is,
respectively, :860 cal/mol and 1260 cal/mol (by the definition
of the overall error of a sum).
Therefore the correct analytical expressions of the
results, as presented in Chapter IV, Section C is:
4FO = 24,790 - 18.39T -860 cal/mol (IV-8)
and AF = 30,505 : 1260 - 22.55T cal/mol (Iv-9)
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APPEND IX C
ANALYSIS OF ALLOY RESULTS
In view of the limited accuracy of these results (Chapter
V), no corrections for H2S dissociation (which are minor) were
made in the calculations,
From equation:
logK = 4.93 - 6 (IV-7)
values of Kp at the temperatures of interest are calculated;
they are: K =4.896 at 1300 0C, K =8.774 at 14000C and K =14.72
p p p
at 1500 0 C.
These values are used in equation (IV-5), along with
partial pressure values derived from the experimental results,
to calculate the activity of tin.
The stoichiometric calculations are identical to those
for pure tin results (Appendix B). In addition to thpse, the
weight increase due to FeS formation is calculated from the
final %S and the final metal weight. This is used to increase
the measured loss due to SnS(g) formation (after correction for
tin vaporization), and hence the amounts of SnS(g) and H2(g)
formed and that of H2 S used up. It is also used to calculate
the additional amount of H2S(g) used up to form FeS and the
equal amount of H2 (g) produced according to the reaction:
Fe(Sn) + H2S(g) = FeS(s) + H2(g) (C-l)
From these computations the activity of tin is readily
obtained,
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In order to calculate the activity coefficient of tin,
it is necessary to know the mole fraction of tin, NSn. A mean
value (average in the case of iron-tin alloys) of the initial
and final tin contents is taken. For the carbon-saturated
alloys, the final carbon content is calculated by a carbon
mass balance and the mean of initial and final values taken.
A mean value of sulphur content is taken, equal to * the fipal
sulphur content. The balance of this mean composition is made
up by iron. The mole fraction of tin in this mean composition
is used as the mean NSn.
The assigned values of final sulphur in the cape of the
iron-tin alloys are: 0.80% at 1300 0C, 0.30% at 1400C and 0.20%
at 1500 0 C. A mean initial sample weight of 1.0780 grams was
used for these calculations.
For the iron-tin-carbon alloys, initial and final metal
weights for each case are known and used.
In the following table the final tin and sulphur
contents from analysis are shown in parentheses npxt to the
values used in the calculations.
Table C-I contains the calculations for the iron-tin-
carbon alloys, while Table C-II contains those for iron-tin
alloys.
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TABLE C-I (Continued)
TEMP ALLOY WEIGHTS (mg/lit) FINAL VOLUMES
LOSS FOR GAIN (cc/lit inlet gas) K a Sn N Sn fSn 'n
P Sn SnT lun
oC NO. Sn(g) SnS(g) FeS Sn(g) SnS(g) H2S(g) H2(g) Total
1300 6 0.70 1.62 4.87 0.132 1.225 4.766 995.234 1001.357 4.896 0.0521 0.0049 10.63
1300 7 0.97 4.84 6.63 0.183 2.165 2.594 997.406 1002.348 4.896 0.1697 0.0107 15.86 15.76
1300 8 1.00 20.87 3.82 0.189 4.659 2.067 997.933 1004.848 4.896 0.4572 0.0271 16.87
1300 1 1.13 31.79 1.35 0.213 6.254 2.201 997.799 1006.467 4.896 0.5754 0.0377 15.26
1400 6 1.10 2.72 2.77 0.208 1.036 6.425 993.575 1001.244 8.774 0.0182 0.0054 3.37
1400 7 1.33 8.00 0.86 0.251 1.672 7.126 992.874 1001.923 8.774 0.0266 0.0101 2.63 5.52
1400 8 1.87 20.34 2.70 0.353 4.348 3.162 996.838 1004.701 8.774 0.1555 0.0273 5.70
1400 1 2.07 28.83 1.54 0.391 5.731 2.591 997.409 1006,122 8.774 0.2499 0.0443 5.64
Luir ~1_II .~~~~ ......
TABLE C-II: IRON-TIN ALLOY CALCULATIONS
TEMP ALLOY INITIAL WEIGHT FINAL AVERAGE
oC NO. WEIGHT %Sn CHANGE WEIGHT %Sn %S gr S %Sn NSn
1300 2 1.0780 30.10 0.0617 1.0163 25.85 0.80 0.0081 27.98 0.154
1300 3 1.0780 39.90 0.0715 1.0065 35.59 0.80 0.0081 37.75 0.222
1300 4 1.0780 46.05 0.0735 1.0045 42.10 0.80 0.0080 44.07 0.270
1400 2 1.0780 30.10 0.0873 0.9907 23.94 0.30 0.0030 27.02 0.148
1400 3 1.0780 39.90 0.1000 0.9780 33.75 0.30 0.0029 36.83 0.216
1400 4 1.0780 46.05 0.0995 0.9785 40.56 0.30 0.0029 43.31 0.264
1500 2 1.0780 30.10 0.0934 0.9846 23.47 0.20 0.0020 26.79 0.147
(Table continued on next page)
TABLE C-II (Continued)
TEMP ALLOY WEIGHTS (mg/lit) FINAL VOLUMES MEAN
LOSS FOR GAIN (cc/lit inlet gas) K a Sn Nsn Sn &n
oC NO. Sn(g) SnS(g) FeS Sn(g) SnS(g) H2 S(g) H2 (g) Total
1300 2 1.06 21.27 3.00 0.200 4.579 2.724 997.276 1004.779 4.896 0.345 0.154 2.240
1300 3 0.32 26.11 3.00 0.060 5.492 1.811 998.189 1005.552 4.896 0.615 0.222 2.770 2.518
1300 4 0.52 26.59 3.00 0.098 5.583 1.720 998.280 1005.681 4.896 0.658 0.270 2.437
1400 2 1.15 30.69 1.12 0.217 6.003 2.613 997.387 1006.220 8.774 0.260 0.148 1.757
1400 3 1.29 34.74 1.12 0.243 6.767 1.849 998.151 1007.010 8.774 0.413 0.216 1.912 1.787
1400 4 1.39 35.41 1.12 0.262 6.893 1.723 998.277 1007.155 8.774 0.452 0.264 1.712
1500 2 2.44 32.54 0.75 0.460 6.283 2.492 997.508 1006.743 14.72 0.170 0.147 1.156 1.156
S
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APPENDIX D
ENTROPY CHANGE ADJUSTMENT
Richardsl 8 measured the vapor pressure of stannous sulfide at
10000K and reports for SnS(s) = SnS(g) AS00= 32.4 * 1.0 cal/deg.mole.1000
16
Orr and Christensen studied solid SnS between 298 0K and the
melting point at 11530K, using calorimetric determinations of heat contents.
Entropy increments were calculated by Kelley's integration method. At 1000 0K
they report S - ot000 S298 = 15.90 cal/deg.mole for SnS(s).
King and Todd3 5 measured the heat capacity of SnS(s) between 510K
and 2980 K. They calculated entropy increments in this range by a Simpson
rule integration, and found S298 - 51 = 15.52 cal/deg.mole.
By extrapolation of their results to OOK by an empirical sum of
Debye and Einstein functions (fitting the measured heat capacities to
within 1% in the range 510K to 1500K), they were able to determine the
entropy at 510 K, S51 = 2.84 cal/deg.mole.
51
From these results, S8000 = 34.3 t 0.2 cal/deg.mole for SnS(s).
Using Richards' vaporization value, the entropy of SnS(g) is then found:
S = 66.7 + 1.2 cal/deg.mole at 10000K.
1000
Kelley2 0 and Kelley and King 2 1 used molecular constant data for
gaseous tin sulphide, listed by Herzberg , to calculate entropies as sums
of translational, rotational and vibrational portions (the electronic
portion is negligible). At 298 0K these portions are, respectively:
St = 40.94 cal/deg.mole
So = 16.27 cal/deg.mole
r
and S' = 0.70 cal/deg.mole
v
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adding up to S8 = 57.9 + 0.2 cal/deg.mole.
The entropy increment to 10000K is calculated in the same manner and found
equal to So g8 10.46 cal/deg.mole. Hence the value for SnS(g):1000 298
o = 68.4 1 0.2 cal/deg.mole.
1000
The difference between the two calculations is 1.7 + 1.2 cal/deg.mole,
considerably lower than the difference between the present experimental
value ASO = 18.39 and the value based on molecular constant calculations,
ASo = 22.55, for the reaction: Sn(1) + h 2 S(g) = SnS(g) + H2 (g).
Furthermore, Richards' value for the vaporization entropy cannot
be fully trusted, since the nature of the vapor species in his experiments
was not ascertained.
It is therefore felt that Kelley's values are more reliable, and
that the adjustment made in the presentation of the thesis results is valid.
Another argument in favor of preferring Kelley's value to the
experimental one is based on a comparison of entropies of formation of
similar gaseous sulphides at 298 0K. These values are shown in table D-I.
They show a smooth decrease in the entropy change for the reaction:
M(solid) + S(rhombic) = MS(gas)
as the atomic weight of the metal increases. A change in the tin value
of 4 entropy units would clearly disrupt this trend; this would be unjusti-
fiable, in view of the close relationship of the metals involved (germanium,
tin and lead are all in the same group, IV, in the periodic system).
The entropies of vaporization at 2980K of lead and tin sulphides
are also found to be very close to each other, suggesting Kelley's values
to be reliable:
PbS(s) = PbS(g) AS298 = 38.44 + 0.3 cal/deg.mole
SnS(s) = SnS(g) AS298 = 39.5 + 0.2 cal/deg.mole.
____ ___ 
_________________ U.- I~i;^.X-L~r ------ I~-: r~.Pll~hi--~i:P a i l-~E;=~~- ~ ~ ---
96.
TABLE D-I
COMPARISON OF ENTROPIES
S298 (cal/deg.mole) ASo~98 for
METAL AT.WT. SULPHIDE METAL SULPHUR M(s)+S )=MS(g)
MS(g) M(s) S(rh) (cal/deg.mole)
Boron 10.82 51.24 1.4 7.62 42.22
Germanium 72.60 56.3 7.43 7.62 41.25
Tin 118.70 57.9 12.29 7.62 37.99
Lead 207.21 60.24 15.49 7.62 37.13
A final check on the validity of Kelley's and Richards' values
is obtained by considering the heat of formation of SnS(s) obtained by
Kapustinsky and Makolkin3 7 and reported by Elliott and Gleiser38:
AHO = -33,820 cal/mole for the reaction: S2(g ) + Sn(s) = SnS(s).
Since for the reaction: 2S(rh) = S2 (g), AH2 9 8 = 30,840 cal/mole,
for: S(rh) + Sn(s) = SnS(s), 6H298 = -18,400 cal/mole, which is very
different from Richards' value for the same reaction: AH2 9 8 =-24,340 cal/mol.
Richards' results agree very well with those of Suo 3 9 , the
latter corrected for the entropy of solid tin sulphide. Sudo's value
is AH298 = -24,700 cal/mole.
Kapustinsky and Makolkin obtained their results from e.m.f.
measurements for both tin and lead sulphides. Their lead sulphide values
4odo not agree with those of Kubashewski and Evans' . It is felt that the
measurements by the e.m.f. method should not be relied upon, and that
the values of Richards for the tin sulphide are more reliable.
--~-
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NOTE ON METHANE FORMATION
At 1600 0 K, corresponding to the lowest temperature at which
carbon-saturated alloys were used, the free energy change for the reaction:
C(gr) + 2H2 (g) = CH4 (g) is AF°=20,310 cal/mole (Elliott and Gleiser38).
The equilibrium constant, K , is calculated from the relation
-3
AFo=-RTlnK , and it is found that K = 2.7x10 3 .p P
P
Since K CHSince2 and at carbon saturation and an atmosphere
P 2 a
H C2
of almost pure hydrogen a = 1 and PH M 1, K m P and thus
c H2 p CH
-3P = 2.7x10 3 atm.CH
For a reaction gas volume of 3 liters, assuming equilibrium
methane pressure, stoichiometry gives a weight loss of 4.34 mg.
For an average run, with an initial charge of 1.2 grams and 5%
initial carbon, and with a total weight loss of o.1 grams, the final
carbon content will thus be 5.06%. Carbon saturation is not affected and
the change in hydrogen pressure is negligible.
The necessary correction to the weight loss because of carbon
removal is small, and, in view of the qualitative nature of the results,
it can be neglected.
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